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FABRICATION OF TUNGSTEN-UO, HEXAGONAL-
CELLED I"UEL-ELEMENT CONFIGURATIONS (C)

by

G. R. Goetsch, P. W. Cover, P. J. Gripshover, and W. J. Wilson

ABSTRACT

So 20|

The gas-pressure-bonding process is being evaluated as a means of fabricating
tungsten-UO, hexagonal-celled fuel geometries. A two-part study was initiated to
optimize the fuel materials and to develop the required fixturing and loading techniques.
Production of fueled tungsten-coated UO; particles is in progress so that geometries
embodying coated particles or coated particles plus fine tungsten powder can be
evaluated. Tests to date have shown the requirement for a pretreatment in which a
gaseous oxide phase is removed. Initial loading and fixturing procedures were proven
satisfactory by the fabrication of a 19-cylindrical-hole hexagonal-type composite.
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SUMMARY ﬂS

M

The work reported concerns the fabrication of dense, tungsten-20 volume percent
UO, composite, honeycomb-type, fuel-element configurations by employing the gas-
pressure-bonding process. The effort is divided into two areas — Phase I, determina-
tion of the necessary procedures for obtaining densities in excess of 98 percent of
theoretical and Phase II, experimentation of various loading and fixturing techniques to
provide the specified configuration and dimensional tolerances.

With regard to Phase I, tests were conducted in which container effects, tantalum
gettering characteristics, and tungsten-powder pretreatments were related to porosity
in the composites. To date, the presence of an oxide gaseous phase within a sealed
container containing tungsten powder has been confirmed. This gas is believed to be
responsible for the lack of sufficient densification. Hot vacuum degassing techniques
are currently being examined as an effective method for removing the gas.

Concurrent with the above study is the evaluation of tunsten-coated UO2 particles
with emphasis on producing high-purity particles. Conclusive results are not yet avail-
able. Other tests regarding the material system have included the successful hot
isostatic compaction of a sample of 2 weight percent thoria-tungsten powder. A resul-
tant density of 97. 5 percent of theoretical suggests that this material should be used in
the future honeycomb composites as the matrix material.

Phase II efforts have produced a 19-hole exploratory tungsten specimen consisting

of cylindrical holes, 1/8 inch in diameter, inside a 3/4-inch tube, 2 inches long. This
specimen displayed dimensional tolerances on the web thickness and on the straightness
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of the holes within 1 mil. The specimen was fabricated by pressure bonding tungsten
granules at parameters of 2900 F and 10,000 psi for 3 hours. The dimensional survey
data were used to design the fixtures for a 61-hole hexagonal~celled structure of the
same material. The success of the first specimen has demonstrated that this fabrica~
tion process is practical.

INTRODUCTION

One current nuclear-reactor design for nuclear propulsion in space is the water-
moderated type, embodying dispersions of UO, particles in a continuous tungsten
matrix as the fuel system. This material combination is very attractive with regard
to high-temperature properties; however, one major problem area concerns the high
degree of difficulty encountered in fabricating desirable fuel-element geometries. Al-
though some processes have been successfully used to fabricate dense tungsten-UO,
composites, these composites are not easily fabricable into the geometries proposed
for the nuclear rocket, such as concentric cylinders and hexagonal-celled honeycombs.
For this reason, new powder-metallurgy approaches to producing these fuel geometries
have been receiving considerable attention. The most encouraging processes estab-
lished at present for the honeycomb configuration are those involving sintering, high-
energy compaction, and hot isostatic compaction. The last process is the one con-
sidered in this program (under NASA Contract NAS 3-5216).

The purpose of this investigation is to utilize the gas-pressure-bonding process
to isostatically compact dense, honeycomb-type, 80 volume percent tungsten-20 volume
percent UO;, fuel-element configurations. This fabrication technique is of particular
interest since it has demonstrated its capabilities and versatility with various fuel sys-
tems by producing unique fuel geometries with a relatively small amount of fuel-particle
deformation. As a means of providing uniformity of fuel distribution and good fuel-
retention properties, tungsten-coated UO, particles will be employed in the composites.
The combination of these particles with the gas~pressure-bonding process should pro-
vide a means whereby the desired fuel-element configuration can be produced.

Since this program is a fabrication-feasibility study, the problem of producing the
fueled composites is divided into two areas of effort — the first, investigation of mate-
rials and pressure-bonding parameters to attain composite densities in excess of 98
percent of theoretical; the second, development of a method to hot isostatically compact
a honeycomb structure with the desired dimensional tolerances throughout the struc-
ture. These two studies are designated Phase 1 and Phase 1I, respectively. Phasel
involves the experimentation with various container materials, preliminary heat treat-
ments, and coated particles in order to assure high-quality dense composites. In
Phase II, the loading and fixturing techniques required for dimensional uniformity will
be investigated. Success in both of these areas is necessary to establish the feasibility
of using the gas-pressure-bonding process for the fuel-element fabrication.

This report summarizes the results of studies conducted during the first 3-months
of this program (June 30 to September 30, 1964).
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WORK CONDUCTED TO DATE

Prior to the discussion of the work conducted to date, a review of the gas~
pressure-bonding process and its associated procedures is in order.

In consolidating powder materials, the powder is sealed within a pressure-tight
container of the desired geometry. This container is then loaded into an autoclave and
subjected to elevated temperatures and high-pressure inert gas. The pressure is
uniformly transmitted through the container walls isostatically to the contained
powders, which are effectively hot pressed to the desired density and configuration.
The degree of densification is dependent upon the bonding parameters of time, tem-
perature, and pressure. In general, the bonding temperatures for powder consolida-
tion are considerably below those for conventional sintering and also those for a number
of other fabrication methods. The use of thin-wall containers and mandrels, where
appropriate, permits the fabrication of various hollow and solid shapes from powder,
The containers and mandrels are generally removed by mechanical or chemical means.

Phase I. Optimization of Fuel Materials

Effects Produced by Various Containers and Pretreatments

Previous work at Battelle under NASA contracts has shown that the gas-pressure-
bonding process can be used to fabricate various shapes; however, the process has not
produced tungsten-UO; structures of the desired density. During this work, it was
discovered that tungsten-UO;, composites consolidated within tantalum containers were
more dense than those produced within molybdenum containers. (The latter material
had been used exclusively because of its compatibility with tungsten and UO, at the
bonding temperatures and its chemical properties, which allowed selective leaching of
the container.) The greater densities attained in tantalum containers suggested that a
gaseous phase was present within the molybdenum containers, which caused restriction
of further densification. The presence of the gas could be produced by the molybdenum
container or the powder composite. Tantalum, being an effective getter, would allow
the composite to densify more than one in molybdenum. The problem of obtaining high-
density composites then becomes one of either removing the suspected gas prior to
sealing or the incorporation of an effective getter into the pressure-bonding container.

Some of the 1 x 6 x 0. 020-inch flat plates fabricated under a previous NASA con~
tract (NAS 3-4019) were consolidated using a molybdenum container with a sheet of
1-mil tantalum foil situated between the powder composite and the container on one of
the large flat surfaces. Metallographic examination of these plates suggested a layer
of tantalum diffusion within the composite. To determine the extent, if any, of the
diffusion, a microprobe analysis was conducted across the whole thickness of the plate.

Results of this analysis were very enlightening. A 6-micron~thick layer, which
consisted of 79 weight percent tantalum, was found on the tantalum contact edge. Be-
yond this layer, the tantalum content decreased linearly across the whole thickness
from 17 to 1 weight percent, This finding not only confirms the diffusion process but
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also suggests that some other mechanism, such as vapor transport, is in action. Al-
though the mechanism is not established, the conclusion is rather clear: tantalum's
gettering qualities cannot be utilized in a powder system unless contact between it and
the active tungsten powder is avoided. With this fact in mind, the following objectives
were set up for additional tests: prove the existence of the proposed gaseous phase;
identify its nature; determine an effective way for its removal prior to densification; and
determine which container material will be the best for fabricating future specimens.

To achieve these objectives, the following tests were conducted.

Test 1. From a lot of 0, 88-micron tungsten powder (see Table 1 for vendor's
analysis) which had been previously cleaned in hydrogen at 2000 F for 1 hour, unfueled
tungsten pellets (approximately 1/4 inch in diameter and 3/4 inch long) were formed to
a density of approximately 58 percent of theoretical by hydropressing at 100, 000 psi.
(Pellets produced by this procedure shall subsequently be referred to as '"'standard"
pellets.) Two of these pellets were separately loaded within molybdenum containers,
and two were encased within tantalum containers. One container of each material was
sealed by the electron-beam-welding process. These four specimens were then vacuum
sintered at 3632 ¥ for 1 hour. Evaluation consisted of metallographic examination of
the pellets and containers. As shown in Figures 1 and 2, a large improvement in den-
sity was achieved in the pellet sintered in the open molybdenum container. In addition,
the grain size and pore size of this pellet are much smaller than they are in the pellet
sintered in the closed molybdenum container. A similar improvement, only to a lesser
degree, was found in the pellets sintered in tantalum containers, Figures 3 and 4.

Since the pellets in the open containers have been exposed to a dynamic vacuum during
sintering, the effects of any evolved gases are not felt. The closed containers, on the
other hand, have been exposed to the gas, as suggested by the microstructure and the
fact that the sealed containers were slightly bulged. A second point of interest is that
the density of the pellet sintered in the sealed tantalum is superior to that of the pellet
sintered in the sealed molybdenum. This is evidently due to tantalum's gettering quali-
ties, in that it actually absorbs most of the gas. Numerical values for the pellet densi~
ties were not obtained because only a qualitative comparison is required to establish
conclusions. This policy will be used until the densification studies are carried to
pressure~bonded samples.

TABLE 1. VENDORS' CHEMICAL ANALYSIS OF STARTING MATERIALS

Starting
Material N O C Al Ca Cr Fe Mg Mo Ni Si
Tungsten -- 1700 11 <6 13 6 25 6 26 10 <7
(0.88 u)
uo, (0/U)
(=230 + 325 mesh) 100 2.00 to 100 50 10 50 100 -— 30 -- 30

2.02
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250X As Polished 13894

FIGURE 1 . HYDROPRESSED TUNGSTEN POWDER SINTERED
IN A SEALED MOLYBDENUM CONTAINER

250X As Polished 13895

FIGURE 2 . HYDROPRESSED TUNGSTEN POWDER SINTERED
IN AN OPEN MOLYBDENUM CONTAINER




As Polished

FIGURE 3 . HYDROPRESSED TUNGSTEN POWDER SINTERED
IN A SEALED TANTALUM CONTAINER

250X As Polished 13897

FIGURE 4 . HYDROPRESSED TUNGSTEN POWDER SINTERED
IN AN OPEN TANTALUM CONTAINER
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Further evidence that a gaseous contaminant does exist was found during evalua-
tion of the containers. Figures 5 and 6 show typical areas on the inside surfaces of the
sealed containers with contaminated layers. These layers were tentatively identified
by microscopic observations as oxide layers. As additional proof, oxygen analyses of
the materials prior to and after sintering (see Table 2) showed that a substantial
amount of oxygen was gettered by the tantalum during sintering. Therefore, this test
has shown that a gaseous phase does exist, and that it is probably an oxide.

TABLE 2. OXYGEN ANALYSIS BEFORE AND AFTER

SINTERING
Oxygen Content,
Specimen pPpm
As-received molybdenum 41
Sealed molybdenum container — Test 1 202
As-~received tantalum 322
Sealed tantalum container - Test 1 1520
Sealed tantalum container — Test 2 1245

Test 2. Three standard pellets were individually loaded within molybdenum,
tantalum, and molybdenum-lined tantalum containers. The last container was produced
by lining the inside cavity of the tantalum can with 3-mil~thick molybdenum foil. Prior
to sealing the cans, the specimens were kept red hot for 10 minutes by using the elec-
tron beam. After sealing, the specimens were then sintered at 3632 F for 1 hour as in
the previous test, Two observations were obvious from metallographic examination of
the specimens. Figure 7 and Figure 8 represent the structures produced in the sealed
molybdenum and molybdenum-lined tantalum containers, respectively. First, the
densities of the pellets in the sealed molybdenum and tantalum containers were slightly
higher than those observed in the previous test (see Figures 1 and 3). Second, the
density of the pellet sintered in the molybdenumn-lined tantalum container was slightly
lower than that produced in the bare tantalum can. This suggests that the liner restrict-
ed the densification by either being the cause of the oxide phase or by decreasing the
effectiveness of tantalum's gettering characteristics. An oxygen analysis of the tanta-
lum container, Table 2, showed a marked decrease in oxygen content, indicating that
the hot vacuum outgassing treatment reduced the quantity of gas evolved during the sub-
sequent sintering treatment. Thus, this test has shown that the oxide phase can be re-

duced by hot vacuum degassing and that a molybdenum liner has only a slight restricting
action,

Test 3. Three specimens were pressure bonded at 2900 F and 10,000 psi for 3
hours. One specimen consisted of pieces of the four sintered pellets from Test 1 en-
cased within a molybdenum container in hopes that the cleaned compacts would achieve
high density.

ok



250X As Polished 13943

FIGURE 5. CONTAMINATION ON THE INTERNAL SURFACE OF A SEALED
MOLYBDENUM CONTAINER AFTER SINTERING

250X As Polished 13945

FIGURE 6. CONTAMINATION ON THE INTERNAL SURFACE OF A SEALED
TANTALUM CONTAINER AFTER SINTERING
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250X As Polished 14488

FIGURE 7. HYDROPRESSED TUNGSTEN POWDER HOT
OUTGASSED IN ELECTRON BEAM THEN

SEALED AND SINTERED IN A MOLYBDENUM
CONTAINER

250X As Polished 14487

FIGURE 8. HYDROPRESSED TUNGSTEN POWDER HOT
OUTGASSED IN ELECTRON BEAM THEN
SEALED AND SINTERED IN A TANTALUM
CONTAINER
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The densities of the four sintered pellets were slightly higher than those produced
by sintering alone. The appearance of the microstructures suggests that densification
was due to plastic flow of the powder only and not to a sintering mechanism. There-
fore, to provide a fully dense structure after pressure bonding, pretreatment tem-
peratures will have to be kept under 3600 F so as not to reduce the surface activity of
the tungsten powder, or considerably higher bonding parameters must be employed.

The other two specimens consisted of molybdenum-lined tantalum and molybdenum-
lined titanium containers embodying standard pellets. Metallography on these two
specimens showed estimated densities of about 95 and 92 percent, respectively. Ti-
tanium does not appear to be as effective a getter as tantalum in this application.

Coated-Particle Evaluation

Tungsten-UO, composites fabricated by consolidation of tungsten-coated UO,
particles (containing 20 volume percent UO)) during previous programs possessed two
disadvantages — the presence of excess fluorine, due to the coating process, and in-
herent interconnected porosity, which resulted when densities of only 92 percent of
theoretical were achieved, Therefore, the purpose of this study is to conduct a limited
evaluation of different types of coating processes in an effort to eliminate excess
contamination (particularly halides) and to attempt complete densification of these
particles by employing new maximum pressure-bonding parameters of 3100 F and
30,000 psi.

To date, all the desired coated particles (containing 20 volume percent UO,)
have been produced, but complete analyses and evaluations are not yet available. The
UO, used for all the coatings was spherical, depleted material of ~230 + 325 mesh size.
Chemical analysis of this material is given in Table 1. The five types of coatings are
discussed below.

Coating A. This coating, Figure 9, was prepared by decomposing WClg ina
hydrogen atmosphere at 1290 F to provide material for comparison with the fluoride-
derived Coating B, Figure 10. The two chief points of comparison will be (1) pressure-
bonding characteristics and (2) the extent of halide contamination. Evaluation of the
sample is incomplete; however, metallographic examination shows a discoloration of
the inner portion of the coating. This abnormality undoubtedly resulted from unsus-
pected contamination of the WC1lg, but its significance is not yet known.

Coating B. This dense coating (see Figure 10) was prepared at 1030 F by de~
composing WF¢ in a fluidized bed. This is the most convenient and economical means
of applying tungsten coatings to particles; however, a small, but for this program
significant, fluorine content (436 ppm) is observed in the coated particles. This mate-
rial was prepared to determine its pressure-bonding characteristics and to establish a
base for determining the effectiveness of procedures designed to reduce fluorine
contamination.




500X Murakami’s 16314

FIGURE 9 . TUNGSTEN-COATED UOy PARTICLES PRODUCED BY THE REDUCTION OF
TUNGSTEN HEXACHLORIDE!/(COATING A)

500X Murakami's 16311

FIGURE 10. TUNGSTEN-COATED UO, PARTICLES PRODUCED BY THE REDUCTION OF
TUNGSTEN HEXAFLUORIDE (COATING B)
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Coating C. As was the case for Coating B, this coating was prepared by decom-
posing WF¢ at 1030 F. However, the procedure was altered in an atternpt to decrease
the fluorine content of the final material. After about 1 u of tungsten had been applied
to the substrate, the material was removed from the fluidized-bed reactor and treated
at 2550 F for 2 hours in a flowing atmosphere of hydrogen containing 3 percent water
vapor. The material was then returned to the fluidized-bed reactor and the coating

completed in the usual manner. Figure 11 shows the similarity this coating has with
Coating B.

It is probable that at least a portion of the fluorine contamination of tungsten-
coated materials, prepared by decomposition of the hexafluoride, results from reac-
tions of fluoride in the coating atmosphere with the UO, substrate during early stages
of the operation before the tungsten coating is sufficiently thick to protect the UO,. For
example, the reaction

UOZ(s) + 2WF¢(g) =~ 2WOF 4(g) + UF4(s) AFC)OOK -25 kcal

is energetically favorable. Therefore, the wet-hydrogen treatment was designed to
remove fluoride as HF, formed by the hydrolysis of uranium fluoride or oxyfluoride at
the surface of the UO, particles.

The thickness of the tungsten coating at the time of such treatment should be the
optimum that would permit removal of fluoride yet minimize fluoride pickup in the next
coating step.

For this particular lot, the thickness of tungsten coating and conditions of the
treatment given above represent experienced judgment, but it is highly improbable that
they are optimum values. Nevertheless, the final material prepared with this inter-
mediate treatment contained only 237-ppm fluorine, i.e., a 50 percent decrease in
fluorine content was achieved.

There is little doubt that further reduction in fluorine content could be achieved
by brief experimental work designed to optimize the procedure.

Coating D. To minimize contamination with fluorine during preparation of this
material, another variation of the normal procedure for tungsten coating from WFy,
represented by Coating B, was used. This coating is identical in appearance to Coat-
ings B and C. To protect the substrate from fluorides in the coating atmosphere, a
thin (~0. 01 u) coating was first applied to the bare UO, by decomposing W(CO)g at
400 F. The coating was then completed to produce 80 volume percent tungsten from
WF¢ as for Coating B.

Referring to the preparation of the initial layer from tungsten carbonyl, dense
coating layers are obtained only under conditions that give high carbon contents, e.g.,
>1000 ppm. Because carbon contamination is also objectionable in this program, the
thickness of this first layer was so severely limited that even if it is assumed that the
layer is W,C, the calculated contribution to the carbon content of the final material is
<5 ppm.

TN




500X Murakami's 16313

FIGURE 11. TUNGSTEN-COATED UO, PARTICLES PRODUCED BY COATING AN INITIAL
LAYER BY CARBONY L PROCESSES AND THE REMAINING COATING BY THE
FLUORIDE PROCESS (COATING C)

500X As Polished 16317

FIGURE 12. TUNGSTEN-COATED UOy, PARTICLES PRODUCED BY THE CARBONY L PROCESS
(COATING E)
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Comparison of carbon and fluorine analyses for Coatings B, C, and D is required
before this procedure can be evaluated. However, it is obvious that an optimum should
exist for minimization of total contamination by fluorine and carbon,

Coating E. In the preparation of this material, contamination by halides was
minimized by using a nonhalide coating process. The coating was prepared by decom-
posing W(CO)g at 1850 F in an atmosphere of hydrogen containing 17 percent water
vapor to avoid gross carbon contamination. Analysis of these particles has not been
completed. Tungsten coatings prepared under these conditions are about 50 percent of
theoretical density, as shown in Figure 12. The ready deformability of this type of
coating may be advantageous in pressure bonding. Currently, the procedure for pre-
paring this porous deformable type of tungsten coating is less well developed than those
for the preparation of dense coatings from the halides, but pressure-bonding attempts
will be made with this type of particle.

Additional Studies of Materials

During fuel-loss evaluations at NASA, a thoriated-tungsten matrix has decreased
the weight loss recorded during 25 ten-minute thermal cycles to 4500 F by about one
magnitude. This improvement suggests that future honeycomb samples should in-
corporate this material in the matrix, For this reason, a hydropressed pellet of
coprecipitated 2 weight percent thoria-tungsten powder was sealed within a molybdenum-
lined tantalum container and pressure bonded at 2900 F and 10,000 psi for 3 hours.

The resulting microstructure, as shown in Figure 13, is of high density. A measured
density was recorded as being 95,7 percent of theoretical, which is comparable to that
of pure tungsten pressure bonded in a tantalum container under identical conditions, as
shown in Figure 14. An encouraging aspect of this material is that the thoria remained
uniformly dispersed and of l-micron size, Consequently, the grain size of the thoriated
tungsten is finer than that produced in pure tungsten (approximately 3 microns) by a
factor of at least one~half, This fine grain size should contribute to longer life during
service. Grain-size evaluations after heat treatments at 4500 F are being obtained.

Phase II. Honeycomb Fabrication

The basic approach to honeycomb fabrication involves the densification of coated
particles within an array of soluble mandrels. Densification of the tungsten-coated
fuel particles is achieved by gas-pressure bonding in sealed containers. For tungsten
densification, molybdenum is the most appropriate refractory metal for container and
mandrels, because it can be selectively removed by nitric acid solutions. Hence, all
the honeycombs are being formed by packing tungsten-spheres (100-u diameter) around
a fixtured array of molybdenum mandrels in a molybdenum can. After densification,
the container and fixtures are dissolved. With routine bonding parameters of tem-
peratures exceeding 2900 degrees F and a pressure over 10,000 psi, tungsten spheres
reach densities of 95 * 4 percent of theoretical. Similar densities are possible in
fueled composites required in this project; however, initial fabrication studies in this
phase have utilized tungsten spheres in lieu of the coated uo, particles.

SN inkeh.




15

250X As Polished 14976
FIGURE 13. HYDROPRESSED TUNGSTEN-2 WEIGHT PER CENT THORIA

POWDER AFTER HOT ISOSTATIC COMPACTION AT 2900 F
AND 10,000 PSI FOR 3 HOURS

250X As Polished 5925

FIGURE 14. HYDROPRESSED PURE TUNGSTEN POWDER CONSOLIDATED
UNDER THE SAME CONDITIONS AS ABOVE
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Goals of Phase II

The ultimate goal of this work includes the production of 20 honeycomb sections
2 inches in diameter by 1. 5 inches long with 0. 125-inch hexagonal channels and 0. 020-
inch-thick separating webs. The webs are to be formed with tungsten-coated fuel
particles plus any required dilution with pure tungsten particles to produce a uniform
fuel loading of 20 volume percent UO,. This phase of the project is concerned with
fixturing and loading techniques necessary to give the specified geometry. Since only
the particles are densified, dimensional accuracy is limited by the fixtures or the
container. The desired shapes can be achieved only if the shrinkage is uniform and
predetermined. The desired eventual dimensional tolerance is 1 mil. Hence, precise
shrinkage and fixturing tolerances must be determined from actual specimens.

The intermediate goals of the fabrication phase include

(1) Fixture accuracy,
(2) Uniform shrinkage, and

(3) High-density composites.

Each specimen represents modifications of existing techniques necessary to achieve
tighter tolerances and maximum density in refractory composites.

Fabrication of Exploratory Specimens

With cross sections of 1/3 powder and 2/3 dense mandrels, the irnmediate ques-
tion was how to obtain uniformity of compaction throughout the array. An initial
honeycomb (Specimen H-1) 0. 75 inch in diameter by 1.9 inches long was designed with
19 cyclindrical holes situated in a hexagonal array. The mandrels were 19 molyb-
denum rods, 1/8 inch in diameter and 2 inches long. These rods were held in position
by perforated molybdenum templates at the top and bottom of a molybdenum can (see
Figure 15). Each template had been drilled to establish the spacing of 0. 030 inch be-
tween adjacent rods. Vibratory packing was used to fill the fixture with 100-micron
tungsten spheres (Allied Chemical Company, Batch 41. 3), and a green density of about
57 percent was attained. The assembly was then doubly canned in molybdenum with an
outer envelope of titanium before the bonding run. The purpose of the titanium can is

to provide additional reliability in maintaining a vacuum-tight container during pressure
bonding.

The sealed assembly was densified in a helium atmosphere at 10,000 psi for 3
hours at a maximum temperature of 2900 F. After selective dissolution of the container
and mandrels, the honeycomb (Figure 16) was sectioned and measured. An optical
comparator showed an average web spacing of 0. 0208 inch. Average hole size was
0.1238 inch. The holes lost about 1 percent of the original mandrel diameter, while
the web spacing decreased nearly 31 percent. Actual measurement across six major
diameters are shown for three internal sections and one diameter for each end in
Table 3. Individual measurements reflect the variations due to the wall roughness of
one particle diameter. Since future honeycombs will include finer particles, only the
averaged diameters (per section) may be compared. From end to end, this variation
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FIGURE 15, MOLYBDENUM HONEYCOMB FIXTURE WITH TUNGSTEN
GRANULES FOR SPECIMEN H-1
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FIGURE 16. TUNGSTEN HONEYCOMB (H-1) FABRICATED BY
GAS-PRESSURE BONDING

15982

Average web thickness: 0.0208 inch.
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was slightly over 1 mil. Thus, the specified tolerance for web thickness appears
practicable.

The uniformity of the outer diameters and internal shrinkage indicates that de-
formation occurred primarily in the radial direction. The length of the specimen de-
creased less than 5 percent. Fortunately, the thin end fixtures did not interfere with
uniform construction of the entire assembly. In general, the original jig tolerance of
2 mils was maintained in hole location and alignment.

The shrinkage data were applied to the design of a model with 61 hexagonal holes.
This version doubled the number of holes arranged radially from the central mandrel.
The primary modifications were in the number and shape of the mandrels. The avail-
ability of molybdenum hex rod simplified the fixture preparation. Drawn hex stock,
0. 125 inch across flats, was purchased from the Refractomet Division of Universal
Cyclops Steel Company. After additional pickling and annealing, this stock had a
width of 0.124 inch. The size reduction permitted a tight fit in drilled molybdenum end
plates.

The design and assembly of the first 61-hole honeycomb (Specimen H-2) has been
completed. Various design changes were made to further approach the ultimate
geometry. Modifications included were

(1) Fixturing of hexagonal stock in round holes,

(2) Decreased web thickness,

(3) Increased proportion of mandrel area,

(4) Thin-walled container,

(5) Increased green density with identical granules, and

(6) Elevated bonding pressure.
Individual alignment of the cores was achieved by slotting each end for a temporary
rib. The drilled-hole template permitted a minimum spacing of 0. 027 inch which was
reduced 10 percent below that of the previous spacing. Prolonged vibratory-loading
technique also boosted the green density to 65 percent. Increased green density and
the reduced proportion of spheres should contribute to less shrinkage, thus requiring a
decrease in the initial webbing thickness. Conversely, higher bonding pressure should

increase shrinkage but also the final density. This specimen will be densified and
evaluated before another identical fixture is loaded.

End-Fixture Evaluation

Since the current fixture method forms a rough end, the circular~hole template
may be undesirable for fueled honeycombs. A variety of tighter-fitting end fixtures
have been considered. Three of the most promising include

(1) Volatile adhesives on molybdenum end plates,
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(2) Die-formed, porous, molybdenum plugs, and
(3) Photoetched molybdenum disks.
The last method is being investigated first, since it offers the greatest flexibility in

spacing. In the event these methods are ineffective, the ends may be loaded with pure
tungsten and later removed by grinding.

FUTURE WORK

Planned work for Phase I includes a continuation of tests whereby hot vacuum
outgassing can be more effectively evaluated and the cause of the oxide phase can be
determined so as to eliminate it. Also, the coated particles will be evaluated with
regard to densification characteristics, purity, and behavior during qualification tests.
The use of thoriated-tungsten powder densified by pressure bonding will be submitted
to experiments to determine its behavior in simulated test conditions. These data
should be available by the next report period.

Future work for Phase II includes an evaluation of fixturing techniques, which will
be confined to shrinkage determinations on porous molybdenum parts and to photo-
etching of hexagonal holes. The current fixture method, with hexagonal slotted man-
drels, will be used to produce the next samples.

In the next quarter, fueled composites will be fabricated. Initially, two 61-hole
models will be assembled. One will contain a blend of coated spheres with finer tung-
sten particles, and the other will contain only coated particles. If satisfactory densi-
ties are achieved, fabrication of a full-scale prototype will be attempted. If densities
are low, process refinements will be evaluated in the smaller versions,
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